Embolic coiling is one of the most effective treatments for cerebral aneurysms (CAs), largely due to the hemodynamic modifications that the treatment effects in the aneurysmal environment. However, coiling can have very different hemodynamic outcomes in aneurysms with different geometries. Previous work in the field of biofluid mechanics has demonstrated on a general level that geometry is a driving factor behind aneurysmal hemodynamics. The goal of this study was to relate two specific geometric factors that describe CAs (i.e., dome size (DS) and parent-vessel contact-angle (PV-CA)) and one factor that describes treatment (i.e., coil packing density (PD)) to three clinically relevant hemodynamic responses (i.e., aneurysmal root-mean-square velocity (V rms ), aneurysmal wall shear stress (WSS), and cross-neck flow (CNF)). Idealized models of basilar tip aneurysms were created in both virtual and physical forms to satisfy two-level multifactorial experimental designs. Steady and pulsatile flow hemodynamics were then evaluated in the virtual models using computational fluid dynamics (CFD) (before and after virtual treatment with finite element (FE) embolic coil models), and hemodynamics were also evaluated in the physical models using particle image velocimetry (PIV) (before and after treatment with actual embolic coils). Results showed that among the factors considered, PD made the greatest contributions to effects on hemodynamic responses in and around the aneurysmal sac (i.e., V rms and WSS), while DS made the greatest contributions to effects on hemodynamics at the neck (i.e., CNF). Results also showed that while a geometric factor (e.g., PV-CA) may play a relatively minor role in dictating hemodynamics in the untreated case, the same factor can play a much greater role after coiling. We consider the significance of these findings in the context of aneurysmal recurrence and rupture, and explore potential roles for the proposed methods in endovascular treatment planning.
Introduction
CAs are localized dilations of weakened blood vessels in the brain that are commonly found at arterial bifurcations in the circle of Willis [1, 2] . They usually have a distinct sac (the dome of the aneurysm) and neck (where the aneurysm attaches to the parent vessels), as illustrated in Fig. 1 . CA rupture can cause a critical medical condition known as subarachnoid hemorrhage, a form of stroke, which is associated with high mortality rates and neurological deficits [3] . Effective CA evaluation and treatment strategies (whether before or after rupture) are thus critical for successful clinical outcomes.
Endovascular CA treatments have gained popularity over traditional surgery due to their minimally invasive nature, shorter recovery time, and reduced hospital costs [4] . Treatment with embolic coils has been the most popular endovascular option for CA repair for over a decade [5, 6] . During the procedure, a series of flexible coils is deployed into the aneurysmal dome to promote thrombosis. Vascular remodeling at the neck then leads to complete isolation of the aneurysm from circulation over time. Although CAs treated with embolic coils have been associated with lower mortality rates than those treated with surgical clipping [7] , not all aneurysms can be treated with coiling. Geometric features of the aneurysm, such as dome-to-neck ratio (DNR) and neck size (NS), are key determinants in selecting patients for treatment with embolic coils. Studies have shown that aneurysms with DNR above 1.6 and NS below 5 mm are suitable for treatment with embolic coils without the need for any adjunctive techniques [8, 9] . Although geometric patient selection criteria for coiling have been clearly established, post-treatment hemodynamics may also be taken into consideration because unfavorable hemodynamic changes can promote delayed aneurysmal recanalization.
Hemodynamics are known to influence CA growth and rupture, and are related to aneurysmal geometry, DS, and PV-CA [10] [11] [12] [13] . Aneurysmal geometry is also known to affect treatment outcomes in the case of aneurysms with DS larger than 9 mm, which were observed to have higher recurrence rates (i.e., 50% versus 21%) than aneurysms between 3 and 9 mm [14] . CAs with NS greater than 4 mm were also associated with high recurrence rates (52%) [14] . Another factor that influences treatment outcome is coil PD, which is a treatment factor defined as the percentage of aneurysmal volume occupied by coils. A study by Sluzewski et al. demonstrated that PDs between 20% and 25% prevented unfavorable outcomes post-treatment [15] . It is therefore critical to consider the effects of both geometric and treatment factors in working toward optimal treatments in the context of aneurysmal hemodynamics.
The goal of this study was to relate two geometric factors that describe CAs (i.e., DS and PV-CA), and one factor that describes treatment (i.e., PD), to three clinically relevant hemodynamic responses (i.e., root-mean-squared velocity magnitude (V rms ), WSS, and CNF) [10] [11] [12] [16] [17] [18] [19] . Geometry has already been established as a primary driver of aneurysm hemodynamics and is currently considered along with hemodynamics to stratify risk in the clinic [17, 20] . However, this paper breaks new ground by quantifying the unique contributions that different geometric and treatment factors make to effects on the hemodynamic responses. Toward this end, we employ a design of experiments based on parallel computational and bench top data. The statistical relationships that emerge between underlying factors and the flows they effect have the potential to play a useful role in current clinical practices for planning and optimizing embolic coiling treatments for CAs.
Methods
Narrow-neck idealized basilar tip aneurysms (IBTAs) with DNR of 2:1 were selected for this study. Basilar tip aneurysms (BTAs) were chosen in part because aneurysms at the tip of the basilar artery bifurcation have higher rates of rupture [1, [21] [22] [23] . Furthermore, coil embolization is the preferred treatment method for BTAs due to their location in the posterior circulation of the circle of Willis, a dangerous and difficult area to access with open operations [24, 25] . Geometric changes were characterized in terms of two factors: DS and PV-CA. Four unique combinations of the two factors were generated using a two-level full-factorial design, as shown in Fig. 2 . The corners of the square represent the different combinations of DS and PV-CA used to construct each geometric template, and the colored edges represent an increase in a single geometric factor (with the other factor held constant) as indicated by the direction of the colored arrows. In other words, red arrows correspond to a change in DS from 4 mm to 6 mm, and blue arrows represent a change in PV-CA from 45 deg to 90 deg.
Flows within the aneurysm templates were computed in silico using CFD and measured in vitro using PIV. Flow rates of 2, 3, and 4 ml/s were explored, which were chosen to span normal and diseased flow rates as reported in literature [26] . Effects of geometric changes were characterized in terms of three hemodynamic responses: aneurysmal V rms , aneurysmal WSS, and CNF.
In Silico Methods
Computational Model Construction. Computational IBTA templates were constructed using SolidWorks (Dassault Systèmes, Waltham, MA) based on computed tomography-angiography images of a BTA. The aneurysm was modeled as a sphere with 2:1 DNR, and the inlet and outlet vessels were modeled as 4 mm diameter cylinders. DS and PV-CA were varied in accordance with Fig. 2 . The model inlet and outlets were extruded to ensure fully developed flow conditions entering the aneurysm site, and to aid in simulation convergence.
Virtual Device Deployment. FE modeling techniques were employed to virtually treat all four aneurysm templates with embolic coils using Abaqus (Simulia, Providence, RI). The coils were modeled based on Orbit Galaxy Fill detachable coils (Johnson & Johnson, New Brunswick, NJ). Coil loop diameters of 4 mm and 2 mm were chosen for the framing and filler coils, respectively. Each coil was modeled as serially linked threedimensional (3D) Timoshenko beam elements. The larger and smaller coils had Young's moduli of 6.5 GPa and 5.5 GPa, and material densities of 21.45 g/cm 3 and 19 g/cm 3 , respectively. A Poisson ratio of 0.39 was also specified, approximating the coils as solid beams composed primarily of platinum. The coil deployment process in ABAQUS/Explicit consisted of (a) virtually placing the coil within a microcatheter and positioning the microcatheter within the aneurysm dome, (b) advancing the coil into the dome using displacement boundary conditions at the proximal node of the coil (to mimic the movement of a clinical coil pusher wire), and (c) releasing the coil to complete each deployment. Coil-tocoil, coil-to-microcatheter, coil-to-aneurysm, and intra-coil interactions were specified using the "general contact" algorithm in ABAQUS/Explicit. Further details on the coil modeling and deployment processes have been previously reported by our group [27] . High PD configurations of 26% and 27% were achieved for DS of 4 mm and 6 mm, respectively. PD was calculated as
Simulations. Computational aneurysm templates, before and after virtual treatment with embolic coils, are presented in Fig. 3 . ANSYS ICEM 12.1 (Ansys, Inc., Canonsburg, PA) was used to prepare the computational templates for CFD simulations where the fluid and coil domains were discretized into mesh elements using the Octree approach. A mesh density function was specified around the aneurysm and coil volumes (in the treated templates) to accurately capture fluid dynamic variations around the device. In order to ensure that the hemodynamic responses obtained were independent of mesh size, a mesh refinement study at an inflow rate of 3 ml/s was performed on one untreated and one treated model before meshing parameters were finalized. Aneurysmal V rms was calculated for all different mesh sizes, and the final mesh size was deemed acceptable when the change in V rms between subsequent mesh sizes was less than 2%. The maximum element sizes for the untreated and treated templates were 0.25 mm and 0.2 mm, respectively. The final untreated and treated meshes ranged between 6.1 and 7.1 and 18.5 and 24.3 Â 10 6 elements, respectively. The meshed geometries were then imported into ANSYS FLUENT (Ansys, Inc., Canonsburg, PA) for CFD simulations. Blood was modeled as an incompressible, Newtonian fluid with density and viscosity of 1500 kg/m 3 and 3.86 cP, respectively, to match the blood analog solution (described later) used for PIV experiments. The coil surface and vessel walls were assumed to be rigid, and a no-slip boundary condition was imposed at the walls. Inflow rates of 2, 3, and 4 ml/s were explored under steady flow conditions, and zero pressure boundary conditions were specified at the outlets. Pulsatile simulations were performed on two of the four templates (i.e., IBTA-1 and 4) to ensure that representative results from steady flow simulations did not deviate considerably under pulsatile flow conditions. Modified vertebral artery flow waveforms [28] , at average inflow rates of 2, 3, and 4 ml/s, were prescribed at the inlet. The SIMPLE algorithm was used for pressure-velocity coupling, and a second-order discretization scheme was used for momentum.
In Vitro Methods
Physical Model Construction. Two of the four computational IBTA templates (IBTA-1 and IBTA-4, which together include all of the different factor levels considered) were translated into optically clear, lost-core urethane models for PIV experiments in order to validate the CFD simulations. The manufacturing process involved (a) translating the computational geometry into a wax model using a Solidscape R66 þ 3D printer (Solidscape V R , Inc., Merrimack, New Hampshire), (b) recasting the wax model into a metal model, (c) encapsulating the metal core within optically clear urethane (Polytek Development Corp., Easton, Pennsylvania), and (d) heating the urethane block with the metal core in a kiln (to melt the metal and leave the urethane model with a lostcore). The final urethane block was then sanded and polished to enhance optical clarity.
Device Deployment. The physical aneurysm models were embolized with TruFill DCS Orbit detachable coils (Codman Neurovascular, Johnson & Johnson, Brunswick, NJ). A pusher wire was used to advance the coils into the aneurysm after which a clinical coil detachment syringe (TruFill DCS Syringe, Codman, Johnson & Johnson, New Brunswick, NJ) was used to detach the coils from the delivery system. Series of coils were deployed within both aneurysms, with larger coils framing the aneurysmal sac and smaller coils filling up the space within to achieve PDs that matched the in silico deployments approximately.
Experimentation. The urethane models, before and after treatment with embolic coils, were connected to a flow loop to measure hemodynamic responses at the aneurysm neck. A solution of NaI, glycerin, and water, seeded with 8 lm fluorescent polymer microspheres (Thermo Scientific, Waltham, MA), was used as the blood analog. The solution was driven through the flow loop at flow rates of 2, 3, and 4 ml/s using a peristaltic pump (Harvard apparatus, Holliston, MA). In order to dampen the inherent pulsatile nature of the peristaltic pump (for steady flow experiments), the fluid was first passed through a compliance chamber. The variations in the dampened steady flow waveform, above or below the steady flow rate, were less than 5% of the steady flow rate. An infrared flowmeter (Omega Engineering, Inc., Stamford, CT) was connected in line with the model to ensure that the desired flow rates were achieved.
Flow data were acquired using a FlowMaster 3D stereo-PIV system (LaVision, Ypsilanti, MI) consisting of a 532 nm Nd:YAG laser, two CCD cameras, and DaVis imaging software. A 0.5 mmthick laser light sheet was used to illuminate the fluorescent particles in five parallel planes within the fluid volume. The planes were both parallel to and centered upon the parent and outlet vessel main axes. Each camera captured 100 particle image pairs for each plane at each flow rate. The cameras were equipped with optical filters to block unwanted laser reflections from the metallic coils. Velocity vectors were calculated using a recursive crosscorrelation algorithm applied to each image pair during PIV processing, where initial and final interrogation window sizes of 32 Â 32 pixels and 16 Â 16 pixels were applied. 
Analysis
In Silico Data Analysis. To understand the effects of geometry and PD on hemodynamics, three hemodynamic responses were calculated based on CFD simulations using TECPLOT 360 software (Tecplot, Inc., Bellevue, WA). The responses included WSS (calculated in the distal half of the dome), V rms (over the entire dome), and CNF (defined as the volume of flow crossing the aneurysm neck per second). Hemodynamic responses obtained under steady and pulsatile flow conditions were also compared using Pearson correlation. The calculated steady responses were then statistically analyzed using JMP Pro (JMP, SAS Institute, Inc., Cary, NC) to determine the contributions of DS, PV-CA, and PD toward modifying hemodynamics as a 2 Â 2 Â 2 factorial design. The two levels of PDs corresponded to the pretreated (PD of 0%) and treated (PDs of 26% and 27% for DS of 4 mm and 6 mm, respectively) conditions. Sum of squares (SS) values for each factor (and factor interactions) were calculated using regression analysis, and the percentage contribution of each factor was then calculated as
This method is similar to the analysis technique presented by Rhew and Parker [29] . Following the 2 Â 2 Â 2 factorial analysis, two 2-factor two-level analyses were conducted to consider the effects of geometry on untreated and treated aneurysm hemodynamics separately. SS values were calculated as previously described to determine the percentage contributions of each of the geometric factors, and their interactions, toward effects on hemodynamics.
In Vitro Data Analysis. An in-house MATLAB code (MathWorks, Inc., Natick, MA) was used to analyze the velocity data measured using PIV. CNF at the neck-plane was calculated and compared to the CNF values obtained from corresponding computational templates using Pearson correlation. Only the neck-plane vectors could be analyzed in experimental cases, because the aneurysmal sac was occluded with coils in the treated physical models.
Results
In Silico Results. The CFD-based hemodynamic responses for all four IBTA templates, before and after treatment with embolic coils, and across all investigated steady flow rates, are reported in Table 1 . As expected, packing the aneurysm with embolic coils (increasing the PD from 0% to over 25%) decreased all calculated responses. Figure 4 illustrates the effects of increasing PD on aneurysmal WSS in all four aneurysm templates at a 3 ml/s inflow rate. Increasing DS from 4 mm to 6 mm (keeping PV-CA constant) increased aneurysmal WSS, aneurysmal V rms , and CNF in the untreated and treated templates. For example, the effects of increasing DS on CNF are illustrated in Fig. 5 (black to red  boxes) . PV-CA, on the other hand, had lesser effects on hemodynamics in the untreated cases. Hemodynamic responses obtained under pulsatile flow conditions agreed with the steady flow responses with a strong positive correlation of 0.98 on average [30] . A comparison of aneurysmal V rms values calculated in IBTA-1 for steady and pulsatile flow conditions is provided in Fig. 6 .
Although both DS and PD affected hemodynamics considerably, statistical examination of factor contributions toward modifying hemodynamics revealed that PD had the greatest impact on responses in and around the aneurysmal volume (i.e., V rms and WSS), while DS has the greatest impact on the neck-plane response (i.e., CNF). These results are presented graphically in Fig. 7 where the contributions of each of the factors (and their interactions) to the effects on the three calculated hemodynamic responses are visualized.
Analyzing the effects of geometry on hemodynamics before and after treatment (as two 2 Â 2 factorial designs) revealed that DS was the greatest contributor to the effects on hemodynamics in both cases, as shown in Fig. 8 . It was interesting to note that although the effects of PV-CA on pretreatment hemodynamics were negligible in most cases, the contributions of PV-CA toward modifying V rms and CNF after treatment grew to 25.46% and 9.94%, respectively.
In Vitro Results. CNF was calculated from the experimental data and compared against the corresponding CFD results for validation. Figure 9 represents the CNF values calculated using CFD and measured using PIV at a 3 ml/s inflow rate before and after treatment. Although some differences in absolute values of CNF were observed between the CFD and PIV data, the overall trends were very similar between the two groups. Strong correlations (i.e., 0.98 and 0.95 before and after treatment, respectively, across all steady flow rates) were observed between experimental and computational results. The average discrepancy between the PIV and CFD results was 37.07%, across all steady flow rates (before and after treatment). A qualitative comparison between CFD and PIV velocity vector plots from IBTA-4 at a 3 ml/s inflow rate is also provided in Fig. 10 .
Discussion
The results of this study demonstrated that among the geometric and treatment factors examined, PD made the greatest contributions to effects on V rms and WSS. This result is not surprising, as PD is often the variable that clinicians focus on most in working toward a successful coiling outcome. However, in the context of CNF, DS was found to have the greatest impact. As a whole, the results thus indicate that the PD affects hemodynamics most in the aneurysm (V rms and WSS are both quantified in or around the aneurysmal sac), while DS affects hemodynamics most at the neck of the aneurysm (CNF is evaluated at the aneurysmal neck-plane, upstream of the coil mass). The possible clinical implications of these findings can be further appreciated in the context of unsuccessful treatment outcomes, such as aneurysmal rupture and recurrence. Aneurysmal rupture typically occurs beyond the neck in the aneurysmal sac, so PD may be the most important factor to consider in designing and executing a treatment so as to prevent rupture. However, aneurysmal recurrence manifests when the neck of the aneurysm fails to fully close, so we hypothesize that DS may be the most important factor to consider in targeting eventual aneurysmal occlusion. This hypothesis is also supported by clinical findings in that aneurysms with large DS have been firmly associated with elevated recurrence rates [31, 32] . More diligent post-treatment follow up may thus be called for in order to monitor for the higher likelihood of recurrence associated with large DS aneurysms.
Another interesting finding from this study is that although PV-CA had relatively little impact on aneurysmal hemodynamics in the untreated case, the factor became much more impactful after treatment. This result demonstrates that the geometric factors that influence aneurysmal hemodynamics can be different for untreated aneurysms and those same aneurysms after coiling. Treatment design and execution may thus benefit from considering both the geometric factors that dictate pretreatment hemodynamics, as well as the factors that could play a greater role in dictating hemodynamics after treatment.
While this study was successful in providing greater insight into the roles that different geometric factors may play in aneurysmal hemodynamics before and after treatment with embolic coils, it is not without a number of limitations. First, the study focused on idealized models of aneurysms, but in the clinic, each patientspecific anatomical case will certainly behave differently. For example, the anatomical aneurysm presented in Fig. 11 demonstrates higher magnitude WSS values but less considerable reductions in WSS after coiling (i.e., 60.0% reduction as opposed to 79.3% in the idealized case). The overall trend is fundamentally similar though. The example in Fig. 11 also illustrates how hemodynamics at the neck plane can change following treatment, as the WSS levels near the neck clearly elevate after coiling. Second, this study focused primarily on steady flow conditions, which differ from the pulsatile conditions encountered in vivo. As our previous studies have shown, however, steady flow results provide a strong indication of fundamental trends that present under both steady and pulsatile conditions [33] [34] [35] . It is also noteworthy that pulsatile conditions were explored for a representative subset of the in silico cases examined here, and none of the findings we report were contradicted by results under pulsatile conditions. Third, every coil deployment is different, and accordingly different hemodynamic outcomes can present even when the same coils are used to pack an aneurysm to the same PD in repeated trials. However, our previous studies have also shown that at high PDs like those examined here, different coil deployments effect minimal variation in hemodynamic responses [27] . Fourth, discrepancies in absolute values of CNF were observed between the computational and experimental cases. This discrepancy is mainly attributed to differences in the fluid domain examined by CFD and PIV. Unlike CFD, PIV excluded some lower velocity flow regions toward the outskirts of the aneurysmal neck that resulted in higher magnitudes of CNF as compared to the CFD cases. Finally, the CFD simulations were conducted using zero-pressure outflow conditions, and blood was assumed to be Newtonian. While the implementation of advanced boundary conditions, e.g., RCR, will provide more realistic distal resistance and compliance, such boundary conditions are more important for simulations where the wall compliance is highly prevalent [36] . In order to ensure that our simplified outflow conditions did not affect flow splits at the outlets, an additional simulation was performed at more physiological outflow pressure of 15 mmHg. The resulting flow splits varied by less than 1%. Studies comparing Newtonian and non-Newtonian fluid models in CAs have also demonstrated that while absolute values of calculated hemodynamic responses may vary to a degree, overall flow patterns do not vary significantly [37, 38] . Nevertheless, more advanced CFD methods are clearly the key for meaningful accuracy in many situations, and our group is now incorporating several such methods as appropriate. Future work will include the examination of a broader range of anatomical geometries under steady and pulsatile flow conditions, and will continue development of the proposed methods toward interventional planning and optimization in the clinic.
Conclusions
This study explored the effects of two geometric factors (i.e., DS and PV-CA) and one treatment factor (i.e., PD) on hemodynamic responses in the IBTA templates. The results demonstrated that PD made the greatest contributions to effects on hemodynamic responses in and around the aneurysmal sac (i.e., V rms and WSS), while DS made the greatest contributions to effects on CNF at the neck of the aneurysm. These findings suggest that while PD may be the most important factor to consider in designing and executing a coiling toward preventing rupture, DS may be the most important factor to consider in the context of recurrence. Results of the study also showed that although a geometric factor (e.g., PV-CA) may have little impact on hemodynamic responses in the untreated case, the same factor may play a greater role in dictating post-treatment hemodynamics. These findings connecting the basic geometric features of an aneurysm to hemodynamic responses before and after treatment with embolic coils have potential to provide a quantitative basis for flow-based design and execution of optimal embolic coiling treatments. Fig. 11 WSS distributions in an anatomical bifurcation aneurysm model, before and after treatment, at a steady inflow rate of 3 ml/s
